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Abstract Self-assembled nanostructures of lipids and nanoparticles hold great promise for applica-
tions in such ﬁelds as nanomedicine. This paper uses the self-consistent ﬁeld theory to investigate
the self-assembly behavior of lipid molecules and nanoparticles with diﬀerent shapes in an aqueous
solution. It is found that the lipid molecules can form monolayered and bilayered nanostructures
around the nanoparticles with diﬀerent shapes (e.g., triangular, square, hexagonal and octangular).
With decreasing the size of nanoparticles or increasing the number of polygon edges, the shape of
lipid layers will approach an approximately spherical shape. These ﬁndings may help to predict and
design novel drug delivery nanocarriers. c© 2012 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1201404]
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Design and production of biocompatible and
biodegradable vehicles have emerged as a highly promis-
ing route to develop novel drug delivery systems at
the micro and nano scales.1,2 Liposomes and nanopar-
ticles, as well as their composite nanostructures, pro-
vide a powerful multifunctional platform for drug
delivery.2–6 Liposomes are vesicles self-assembled by
amphiphilic lipid molecules in an aqueous solution.
Hydrophilic pharmaceutical agents can be entrapped
into the aqueous liposome interior, while hydropho-
bic pharmaceutical agents can be incorporated into
the liposomal membranes.7 Polymeric nanoparticles are
formed by amphiphilic block copolymers consisting of
distinct hydrophobic and hydrophilic segments. The
amphiphilic block copolymers can self-assemble into
core-shell nanostructures in aqueous solution, with hy-
drophobic and hydrophilic segments forming the core
and the shell, respectively. The hydrophobic core is ca-
pable of carrying hydrophobic pharmaceutical agents,
while the hydrophilic shell plays a stabling role for par-
ticles in the blood.3,8,9 Recently, a novel drug deliv-
ery vehicle consisting of nanoparticles surrounded by
lipid layers has been developed.3,10 This drug deliv-
ery system possesses the advantages of both liposomes
and nanoparticles. It has a higher drug encapsula-
tion eﬃciency and an extended drug release proﬁle, and
can be stably incorporated by cancer chemotherapeutic
agents. These features are interesting for the design of
nanomedicine.3,5,6
The surface chemistry, size and shape of particles
are three important parameters for the design of deliv-
ery nanocarriers. The common strategy of controlling
the particle surface chemistry is modifying the surface
with a hydrophilic polymer brush, which reduces the
adsorption of antibodies and achieving targeting.11 The
particle size plays an important role in many aspects
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of particles, such as their degradation, ﬂow properties
and uptake by cells.12,13 The shape of particles also sig-
niﬁcantly aﬀects their functions. There are preliminary
evidences that the drug release proﬁle, targeting ability,
transport and internalization of particles are dependent
on the particle shape.11,14
Among the mesoscopic polymer theories, the self-
consistent ﬁeld theory (SCFT) has been proved to be
powerful to study the self-assembly behavior of block
copolymers.15–19 The theory was ﬁrst developed by
Edwards20 and was explicitly applied to treat the self-
assembly of block copolymers by Helfand.21 In SCFT,
the local monomer densities and chemical potential
ﬁelds are used to determine the free energy of the
system.22 Moreover, SCFT is also an eﬀective ap-
proach for exploring the self-assembled structures of am-
phiphilic block copolymer in dilute solutions.17,23–26
Recently, Xu et al.18,27 employed SCFT to investi-
gate the self-assembly behavior of diblock copolymers
surrounding a hydrophobic nanoparticle in an aque-
ous solution. It shows that diblock copolymers can
form monolayered or bilayered structures encapsulating
nanoparticles, depending on the particle surface chem-
istry. To date, however, there is a lack of theoretical
investigation on the eﬀects of particle shape of the self-
assembly of lipids and nanoparticles, which are of both
theoretical and technological interests. Therefore, we
have examined the dependence of the self-assembled
lipid nanostructures on the shape and size by using the
SCFT approach.
We consider the blend of lipid molecules and
nanoparticles in an aqueous solution. Lipid molecules
are treated as diblock copolymers consisting of dis-
tinct hydrophobic and hydrophilic segments. Each
copolymer chain consists of N segments, including fN
hydrophobic (A) and (1 − f)N hydrophilic (B) seg-
ments. Since most drugs are poorly soluble in water, the
nanoparticle used to store drugs is assumed to be hy-
drophobic. We assume that each segment has a volume
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of ρ−10 and all molecules, including A and B segments
and water molecules, have the same statistical length,
a. The volume fractions of copolymer and water are
ϕD and ϕS , respectively. Let φA(r), φB(r) and φS(r)
denote the local volume fractions of A and B segments
and water molecules at position r, respectively. The
pair interactions between diﬀerent components are de-
termined by a set of eﬀective chemical potential ﬁelds,
ωI (r), which denotes the intensity of the mean ﬁeld felt
by the species I at position r. Assume that the diblock
copolymers cannot penetrate into the nanoparticle,18
meaning that the copolymers are conﬁned by the parti-
cle surface. Then, the incompressibility condition is15,28
φA(r) + φB(r) + φS(r) = φ0(d), (1)
where
φ0(d) =
⎧⎪⎨
⎪⎩
0, d < 0,
1− cos(πd/ε)
2
, 0 ≤ d ≤ ε,
1, d > ε.
(2)
The parameter ε denotes the thickness of a very thin
layer around a nanoparticle, which is introduced to
make sure that the segment density decays smoothly,
d is the distance from the local position to the nanopar-
ticle surface, with d < 0 indicating a local position in-
side the particle and d > 0 a local position outside the
particle.
The dimensionless Helmholtz free energy of the sys-
tem is written as18,28,29
F = FD + FS + FE . (3)
The ﬁrst term, FD, denotes the entropic contribution of
lipid molecules to the free energy
FD = −ϕD ln
(
QD
V ϕD
)
−
1
V
∫
dr[ωA(r)φA(r) + ωB(r)φB(r)], (4)
where V is the volume of the solution, QD is the parti-
tion function of a single chain subjected to the ﬁeld ωA
and ωB
QD =
∫
dr q(r, s), (5)
where q(r, s) is the solutions to the modiﬁed diﬀusion
equations given in the references.16,30,31 FS represents
the entropic contribution of water molecules
FS = −NϕS ln
(
QS
V ϕS
)
− 1
V
∫
dr[ωS(r)φS(r)], (6)
where QS is the partition function of water molecules
subjected to the ﬁeld ωS(r)
QS =
∫
dr exp[ωS(r)/N ]. (7)
The enthalpic interaction FE , including diblock-
diblock, diblock-water, diblock-nanoparticle, and
water-nanoparticle interactions, is given by
FE =
1
V
∫
dr[NχABφA(r)φB(r) +
NχASφA(r)φS(r) +NχBSφB(r)φS(r)]−
1
V
∫
dr[NHAφA(r) +NHBφB(r) +
NHSφS(r)], (8)
where χIJ is the Flory-Huggins interaction parameter
between species I and J , HI is the surface ﬁeld of the
nanoparticle for species I,15,18,28
HI =
⎧⎪⎨
⎪⎩
−∞, d ≤ 0,
ΛI
ε
[1− cos(πd/ε)] , 0 < d ≤ ε
0, d > ε,
(9)
where ΛI represents the intensity of the interaction be-
tween nanoparticle surface and species I, ΛI > 0 and
ΛI < 0 stand for attractive and repulsive interactions,
respectively.
The minimization of the free energy F leads to
ωA(r) = χABNφB(r) + χASNφS(r)−
NHA + P (r), (10)
ωB(r) = χABNφA(r) + χBSNφS(r)−
NHB + P (r), (11)
ωS(r) = χASNφA(r) + χBSNφB(r)−
NHS + P (r), (12)
φA(r) =
1
QD
∫ f
0
ds q(r, s)q+(r, s), (13)
φB(r) =
1
QD
∫ 1
f
ds q(r, s)q
+(r, s), (14)
φS(r) =
ϕSV
QS
exp[−ωS(r)/N ], (15)
where P (r) is a Lagrange multiplier enhancing the in-
compressible condition, and q(r, s) and q
+(r, s) are the
solutions of the modiﬁed diﬀusion equations given in
Refs. 16, 30 and 31. Equations (1), (7) and (10)–(15)
form a set of equation systems which can be solved self-
consistently in the real space. To obtain the equilib-
rium nanostructures, we solve these equations by us-
ing the combinatorial screening technique of Drolet and
Fredrickson.22,31
The simulation box is a two-dimensional space with
256 × 256 grid points. All length parameters are in
the unit of Rg = a
√
N/6, where Rg is the radius-of-
gyration of a copolymer chain. He et al.23 showed that
the self-assembled morphology of copolymers depends
on the initial ﬂuctuation amplitudes of each species in
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Fig. 1. Self-assembled morphologies of the blend containing (a) triangular, (c) square, (e) hexagonal, and (g) octangular
particles. The green, orange, light blue, and blue colors represent A segments, B segments, water molecules, and nanopar-
ticles, respectively. The corresponding density proﬁles along the x-axes in the left column are plotted in the cases of (b)
triangular, (d) square, (f) hexagonal, and (h) octangular particles, respectively.
a dilute solution. In our simulations, the initial ﬂuctu-
ation amplitudes of each species are set as 10−6. The
system is thought to have equilibrated when the phase
patterns are stable and the free energy between two in-
teraction steps is smaller than 0.01%. To ensure that
the obtained results are not accidental, we repeat each
simulation many times by using diﬀerent initial random
states.
In this paper, our attention is mainly focused on
the eﬀects of the shape and size of particles on the self-
assembly behavior of the blend in solution. The sizes of
particles and lipid vesicles are set in the same range, as
in many practical drug delivery vehicles.6 The normal-
ized length of the simulation box is taken as L = 80.
The volume fraction of diblock copolymers is ﬁxed at
ϕD = 0.15. The volume fraction of A segments in each
diblock chain is f = 0.88. The interaction parameters
among A segment, B segment and water are χAB = 1.0,
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χAS = 1.2, and χBS = −0.8. The other parameters are
set as N = 25, ε = 0.65, ΛA = 0.8, ΛB = −0.75, and
ΛS = −1.
We ﬁrst study the self-assembled nanostructures of
the blend in the aqueous solution. The self-assembled
morphologies of lipids and nanoparticles with triangu-
lar, square, hexagonal, and octangular shapes are shown
in Figs. 1(a), 1(c), 1(e) and 1(g), respectively. For com-
parison, the area of each particle is ﬁxed at S = 477.30.
We ﬁnd that the lipid molecules around the particles
can self-assemble into the monolayers with the same
shape as the particles in the four cases. Owing to the
hydrophobic eﬀect, the hydrophobic tails (A segments)
point towards the nanoparticle in the core, while the
hydrophilic headgroups (B segments) face to the wa-
ter. In this study, the number of lipid molecules in the
solution is suﬃciently large such that they can form
a bilayered vesicle outside the monolayer (Fig. 1). To
clearly show the detailed structures in the four cases,
the corresponding density proﬁles along the x-axes in
Figs. 1(a), 1(c), 1(e) and 1(g) are plotted in Figs. 1(b),
1(d), 1(f), and 1(h), respectively. We see that the A
phase has a peak value near the nanoparticle surface,
it means that the hydrophobic segments form a mono-
layer around the nanoparticle. Beyond the monolayer,
the A and B phases have one and two peak values, re-
spectively. This result indicates that the lipid molecules
self-assemble into a bilayered vesicle far from the par-
ticle. In addition, it is observed that outside the lipid
layers, the excess lipid molecules can self-assemble into
vesicles and micelles, which are similar to those in an
aqueous solution without nanoparticles.23
Then, we address the particle size eﬀect on the self-
assembled morphologies. For convenience, we vary the
size of particles by changing their areas, S. Taking the
regular octangular particles as an example, we illustrate
the self-assembled structures of lipids and regular oct-
angular particles with diﬀerent sizes in Fig. 2. It can
be seen from Fig. 2(a) that when the particle size is
large (e.g., S = 282.84), the lipid molecules can form an
octangular monolayer and a regular octangular bilayer
surrounding the particle. As the particle size decreases
(e.g., S = 101.82 and S = 70.71), the shape of the bi-
layer becomes spherical, while the monolayer keeps to
be octangular, as shown in Fig. 2(b) and 2(c). With the
further decrease of the particle size (e.g., S = 45.25), the
monolayer also changes to be spherical (Fig. 2(d)). This
result can be understood as follows. When the particle
is large, the geometry of the particle has a distinct inﬂu-
ence on the self-assembly behavior of lipid molecules. In
this case, the lipid molecule layers have the same shape
of particles. If the size is very small, the nanoparticles
will have a small contact area with the solution, and,
therefore, has a weak inﬂuence on the system. The lipid
molecules tend to form spherical structures, possessing
lower bending energy. Decreasing the size of particles of
other shapes (e.g., triangular, square, and hexagonal),
we ﬁnd that the lipid molecules can also form spherical
layers surrounding the particles.
Fig. 2. Particle size eﬀect on the self-assembled nanostruc-
tures of regular octangular particles. The green, orange,
light blue, and blue colors represent the A segments, B seg-
ments, water molecules, and nanoparticles, respectively.
Fig. 3. Eﬀect of the particle shape on the self-assembled
nanostructures: (a) regular triangular particles, (b) regu-
lar square particles, (c) regular hexagonal particles, and (d)
regular octangular particles. A segments, B segments, wa-
ter and nanoparticle are represented by green, orange, light
blue and blue colors, respectively. Here, we take S = 70.71.
To consider the eﬀect of particle shape, we com-
pare the self-assembled morphologies of the blend con-
taining particles with diﬀerent shapes. The results are
shown in Fig. 3, where the particle area is ﬁxed as
S = 70.71. It can be seen from Figs. 3(a)–3(c) that the
lipid molecules can form bilayers having the same shape
as the particles of regular triangular, square and hexag-
onal shapes. However, the lipid molecules self-assemble
into a spherical bilayer around the regular octangular
particle (Fig. 3(d)). Meanwhile, we ﬁnd that the shapes
of inner monolayers have the same changing trend with
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Table 1. The critical areas of regular triangular, square,
hexagonal, and octangular particles at which the outer bi-
layer will transform to a spherical shape.
Particle shape Critical area S
Regular triangle 2.60
Regular square 4.41
Regular hexagon 23.38
Regular octangle 70.71
the outer bilayer. This is because of the existence of
the singular points. The lipids tend to form spherical
layers which possess the lowest bending energy, while
the particles tend to attract the lipids onto their sur-
face. The distortion of a regular triangle particle is the
most serious, which dominates the ﬁnal self-assembled
structures. As the number of polygon edges increases,
the shape distortion becomes weaker, and the lipids will
prefer to form a spherical layer. As a result, the complex
structures are dictated by the competition between the
bending energy of lipid layers and the geometric eﬀect
of particles.
To quantitatively examine the eﬀect of the particle
shape, we investigate the critical areas of particles with
diﬀerent shapes at which the bilayer will become spher-
ical. The results are summarized in Table 1. We ﬁnd
that with increasing the number of polygon edges, the
critical area increases signiﬁcantly. For example, the
critical particle areas of regular triangular and octan-
gular particles are 2.60 and 70.71, respectively. These
results indicate that the lipids are easier to form spher-
ical layers surrounding the particle with a large number
of polygon edges.
In summary, we have investigated the self-assembly
of lipid molecules and nanoparticles by using the SCFT.
We ﬁnd that the lipid molecules can form a monolayer
or bilayer around the particles with diﬀerent shapes.
Both the size and shape of particles inﬂuence the self-
assembled nanostructures. With decreasing the particle
size or increasing the number of polygon edges, the lipid
monolayer and bilayer exhibit a morphological transi-
tion from the same shape of particles to a spherical
shape. The present method can be extended to account
for such factors as pH, temperature, and solvent. This
study is helpful for the design of novel nanostructures
with controlled shape, which has promising applications
in such ﬁelds as nanomedicine.
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